In this work we investigate some aspects of the rheological behavior of sodium montmorillonite (NaMt) suspensions in the pH range 3 to 9, of NaCl concentrations between 10 −3 and 10 −1 M, and of solid concentrations between 5 and 11% w/v. Three kinds of experiments were performed: steady-state viscometry, oscillatory test, and creep recovery. The physical quantities of interest were the yield stress σ y of the suspensions, the elastic rigidity modulus G , and the instantaneous elastic compliance. Furthermore, G was obtained from oscillatory tests in three different experiments: determination of the viscoelastic linear region, oscillograms, and the gelation process. All quantities were found to scale with the concentration of solids, C, according to a power law of the form Y = k y C n . The exponents n were found to change from ∼3 to ∼6 when the pH was increased from 3 to 9 (at constant ionic strength 10 −2 M), although values as high as 10 were estimated when the NaCl concentration was reduced to 1 mM. Such values of n correlate well with the characteristics of the edge-to-face (E-F), edge-to-edge (E-E), and face-to-face (F-F) interparticle interactions. The minimum values of n correspond to maximum E-F attractions, whereas the largest n are associated with strong F-F repulsions. C 2001 Academic Press
INTRODUCTION
The rheology of concentrated clay suspensions has been an object of interest for a rather long time because of the wide applications of this type of suspension. Their flow properties are important in such varied fields as paint formulation, pharmaceutical suspensions, inks, pollutant transport in underground waters, and drilling fluids (1). Furthermore, even particle concentrations as low as 4-5% can drastically affect the rheological properties of clay suspensions, particularly their viscoelastic behavior.
As in other disperse systems, such properties are strongly correlated with the degree of flocculation between the particles and with the structure of the flocculi. In fact, the pioneering works of Norrish (2, 3) and van Olphen (4) already suggested that the mechanical strength of montmorillonite gels must be related to the formation of particle networks in which individual clay particles are in contact with others, forming ribbon-like or scaffolding structures. In this work, we will deal with suspensions of sodium montmorillonite (NaMt), which display a rich variety of rheological behavior mainly because of the complex structure of the electric double layer surrounding the particles when they are in contact with the aqueous ionic solution. Most of the interfacial solid/liquid surface is associated with the planar faces of the particles, the negative surface charge of which is due to ionic substitutions (mainly Mg 2+ and Al 3+ for Si 4+ ) in the crystal lattice. Such charge is hence essentially independent of the ionic composition of the medium. In contrast, the small fraction of edge surfaces, originated by fracture of the crystal structure, has a composition close to that of Al or Si oxides, and it is thus strongly pH-dependent (5) . It is commonly assumed (6) (7) (8) (9) (10) (11) that the isoelectric point (pH iep , or pH of zero zeta potential) of such edge surfaces is close to pH 7.
Such heterogeneity in surface charge distribution is chiefly responsible for the amount of flocculation in NaMt suspensions and the structure of the colloidal aggregates. At acid pH, when the charges of faces and edges have opposite signs, the formation of card-house aggregates (or "T" type) is possible through heterocoagulation of the face of a particle with the edges of its neighbors. In contrast, under basic conditions (when all surfaces are negatively charged) interparticle repulsions will dominate, except at sufficiently high ionic strength (>∼10 −3 M), because the screening of surface charge will lead to aggregation by van der Waals attractions (12) (13) (14) . Another way of controlling the aggregation in these systems involves adsorption of polymers or polyelectrolytes (15) (16) (17) ; this process affects aggregation through steric repulsion between adsorbed polymer chains belonging to either faces or edges.
These are the main hypotheses on which works dealing with the rheology, stablity, and gelation of suspensions of other types of 2-1 clays are based-in particular, of the synthetic hectorite clay laponite. Thus, Saunders et al. (18) , using small-angle X-ray scattering data in concentrated laponite suspensions, found that the particles form an aligned structure at low ionic strength and high pH values (the double layers of faces and edges are negatively charged and rather thick in such conditions). The anisotropy of the particles and the role of double-layer interactions were also used by Mourchid et al. (19) in explaining their results on the sol/gel transition of laponite as a function of ionic strength and volume fraction. An analysis of the electric double layer on edges and faces of 2-1 clay particles, modeled as disks, was recently described (20) .
A procedure widely used to estimate the degree of flocculation existing in suspensions consists of analysis of the scaling of rheological quantities Y with the particle concentration C (% w/v). The exponent n relating Y to C is usually related to stability or degree of flocculation of the system
where k y is a constant depending on the particular quantity analyzed. Previous works have dealt with fitting Eq. [1] to either the yield stress, σ y , or the elastic modulus G in clay suspensions (12, 15, 16, (21) (22) (23) and concluded that n ranges between 2 and 5 for strongly flocculated suspensions and between 5 and 8 for stable or weakly flocculated ones. Only when polymers have been adsorbed on clay particles have n values above 8 been reported (15, 24) . In our previous works (9, 10, 25) we studied the correlation of rheological and dielectric (low-frequency dielectric dispersion) properties of NaMt suspensions, with interparticle interactions, including face-to-face, face-to-edge, and edge-to-edge forces. In the present work, our aim is to extend that study to include the scaling laws of rheological quantities and their interpretation in terms of potential energy of interaction: this investigation will include steady-state, oscillatory, and transient measurements. Results will be reported for different pH values and ionic strengths of 10 −3 -10 −1 M NaCl. Given the complex structure of the clay particles themselves, the gels formed in concentrated suspensions will display a considerable variety of aggregate geometries, so that the resulting network structure will likely be determined by multiparticle interactions (16, 18, 19) . In spite of this complexity, a simple model is frequently used, which assumes that the structure is mainly determined by pair interactions between the plate-like surfaces parallel to each other (see, however, the analysis of Anandarajah in Ref. 26 , where the effect of the relative inclination between the planes on their interaction energy is analyzed).
In order to estimate the interaction energy between clay particle surfaces, we have used the extended-DLVO theory (27) , which includes electrostatic (EL), van der Waals (LW), and hydrophilic/hydrophobic (AB) interactions in the total potential energy of interaction (V TOT 1w2 ) between surfaces 1 and 2 in the liquid medium w. Note that 1 and 2 will be identical in face-toface and edge-to-edge interactions, and different when edges and faces are involved. The three contributions to the total energy of interaction will be calculated from the zeta potential (deduced in turn from electrophoretic mobility data) and surface free energy of the clay particles, as described below.
EXPERIMENTAL

Materials
The starting clay material was a natural bentonite from Almería, Spain. The sample was kindly provided by Dr. E. Caballero (CSIC, Spain), and the size fraction below ≈2 µm was previously separated by sedimentation. The sodium montmorillonite was prepared by homoionization of this bentonite sample by stirring 50 g of clay in 250 mL of 1 M NaCl solution for 1 h, following by repeated cycles of centrifugation and redispersion in Milli-Q water (Milli-Q Academic, Millipore, France) until the conductivity was below 10 µS/cm. The final solid sample was obtained by drying the resulting suspension at 100
• C and was stored in polyethylene containers. The specific surface area (54.1 m 2 /g) and bulk and surface chemical composition were measured as described previously (9, 10) , and only Na + was detected in significant amounts as exchangeable cation in the final product. The texture and shape of the particles were observed in SEM pictures (Zeiss DSM 950, Germany), as shown in Fig. 1 . It can be seen that the particles are plate-like, with diameters ≈2 µm and aspect ratios (=particle equivalent diameter/thickness) of about 14, as obtained from magnification of pictures like that in Fig. 1 .
Rheological Measurements
Measurements of the rheological quantities of interest were performed for NaMt suspensions with solid concentration between 5 and 11% w/v, different pH values (3, 5, 7, and 9) , and 10 −3 , 10 −2 , and 10 −1 M NaCl ionic strength. A controlled shear stress rheometer (Bohlin CS-10, UK) was used. The measuring system (Bohlin CSS 25) was a cup and bob one, consisting of a moving cup of 25-mm diameter and 28.5-mm length, and a fixed bob 26 mm in diameter. All measurements were performed at 25.0 ± 0.1
• C. Given that clay suspensions often display thixotropic rheological behavior, all systems were presheared for 30 s, and the experiment was started after the suspensions were allowed to stand for 180 s. The stress applied in the preshear operation was always above the yield stress of the system (see below).
Steady-state shear stress vs shear rate (σ vsγ ) experiments were first conducted. The rheograms were characteristic of plastic systems; hence, the yield stress σ y was obtained by fitting the σ -γ data to the Bingham equation
[2]
Oscillatory tests were also performed by applying a sinusoidally varying shear stress (σ = σ 0 sin ωt) and recording the subsequent sinusoidal strain [γ = γ 0 sin(ωt + δ)]. The applied oscillatory stress is linearly related to the strain for low-stress amplitudes (the so-called viscoelastic linear region, or VLR). In complex notation,
where G * (ω) is the complex rigidity modulus. Its real part, G , is the elastic or storage modulus, and its imaginary part, G , is the viscous or loss modulus. Three kinds of oscillatory measurements were performed:
(i) VLR determination. A stress of increasing amplitude and constant frequency (1 Hz) was applied to the sample: G and G were constant (amplitude independent) until a critical σ 0 was applied. This stress correspond to the upper limit of the VLR.
(ii) Obtaining of oscillograms. A stress of amplitude 0.2 Pa (belonging to the VLR) was applied, with frequencies between 10 −2 and 10 Hz, and both G and G were recorded as a function of ω.
(iii) Gelation process. The time evolution of G and G (from 0 to 10 4 s) was recorded, for a frequency of 0.1 Hz and σ 0 = 0.2 Pa.
The viscoelastic properties of the suspensions were also determined in the time domain. To that aim, a constant shear (0.2 Pa) was applied for 120 s, and the corresponding strain was measured as a function of time (creep test). Subsequently, the applied stress was set to zero, and the deformation also measured for 120 s (recovery test). In creep experiments, the quantity of interest is the compliance modulus J (t),
whereas in recovery the strain γ was directly recorded. Figure 2 shows the shear stress (σ )/shear rate (γ ) relationship for clay suspensions of different concentrations, at pH 5. The existence of a yield stress or minimum stress needed for the suspension to start flowing is clearly observed. When the data from this and the rest of experimental conditions are fitted to the Bingham model (Eq. [2] ), the yield stresses σ y shown in Figs. 3a (10 −2 M and different pH values) and 3b (pH 5 and various ionic strengths) are obtained. In turn, σ y was fitted to a power law equation like Eq. [1] . The best-fit exponents n are detailed in Table 1 . As observed, at constant ionic strength (10 −2 M) n ranges from 2.6 (pH 3) to 4.3 (pH 9). This is a qualitative indication that the suspensions are strongly flocculated at acid pH and that the degree of flocculation decreases moderately when pH is increased. Concerning the change of n with ionic strength at constant pH 5, the most noticeable feature is the maximum value of n for 10 −3 M NaCl, and the similar values obtained for 10 −2 and 10 −1 M: this can be interpreted as somewhat greater stability at 10 −3 M; for the other two ionic strengths the stability of the suspensions is very similar. These facts will be discussed below considering the calculated interaction energies between the particles. The n values estimated are in reasonable agreement with results from other laboratories. Thus, it has been suggested, using a double floc structure model (23, 24, 28) , that the yield stress scales as C 2 for strongly flocculated suspensions. However, larger values of n, similar to those found in the present work, have also been reported for flocculated NaMt suspensions (15, 16) . Such discrepancies are not strange if one takes into account that the complex structure of both the clay particles and their aggregates can involve a variety of interactions of different strength and range. Therefore, any comparison between our estimations of n and the magnitude of the energy of interaction between the particles must be limited to qualitative grounds.
RESULTS AND DISCUSSION
Steady-State Measurements (Viscometry)
Oscillatory Measurements Viscoelastic linear region (VLR).
As mentioned, the first stage in our oscillatory tests involved the determination of the critical strain amplitude (γ 0 ), above which the disruption of the system provokes a nonlinear viscoelastic behavior. Figure 4 displays the results obtained at pH 5 and 1 Hz frequency of oscillation: note how G increases with the concentration of solids and falls abruptly for γ 0 ≈ 10 −1 , indicating the transition to nonlinear viscoelasticity. Prior to the structure breakdown, G is approximately constant, and its average values can be fitted to a power law equation, as demonstrated by the log-log plots of Figs. 5a (constant ionic strength) and 5b (constant pH). Note that the dispersion of experimental data corresponding to pH 9 and low particle concentrations is related to the low G values measured under these experimental conditions, where experimental errors are more likely. The fitted n values are also included in Table 1 and compare well with those estimated from yield stress measurements: in particular, n changes with NaCl concentration in the order 10 −3 M > 10 −1 M > 10 −2 M; in addition, n increases with pH at constant ionic strength.
Oscillograms. The evolution of the elastic modulus G with the frequency ν of the oscillatory stress applied to the suspensions (with amplitudes well in the VLR, Fig. 4) is shown in Fig. 6 for the case of pH 5 and 10 −2 M NaCl. Similar plots, not shown for brevity, were obtained at pH 3, 7, and 9 and for the other ionic strengths. Note the extreme sensitivity of rheological experiments to the concentration of the particles: G increases by more than one order of magnitude when the particle concentration, C, is doubled. Let us also mention that the viscous modulus G was also found to be lower than G by one to two orders of magnitude, indicating the strong structuring of the suspensions. As before, straight lines (not shown) could also be fitted to loglog plots of G − C data. The n values can be found in Table 1 , and depend on pH and ionic strength in a fashion completely similar to those corresponding to σ y and G VLR .
Gelation process. Different works have demonstrated that some time is needed for the development of an elastic modulus (i.e., for the formation of a structure in the system). Studies of gelation kinetics were used in Refs. (21, 22) to obtain a characteristic gelation time of NaMt suspensions. Figure 7 shows the evolution of G in our suspensions at pH 5 and 10 −2 M NaCl, for several concentrations of dispersed particles. The amplitude of the oscillatory stress was 0.2 Pa (a value corresponding to the VLR interval). The progressive structuration of the clay suspension is clearly observable, and, in fact, even after 10 4 s the modulus has not reached a steady value. We have chosen an intermediate time (4550 s) to have another estimation of G under dynamic conditions. The values obtained from Fig. 7 (and similar plots corresponding to the other experimental conditions investigated) again scale with a power of C, with the exponents given in the column G gelation of Table 1 . Figure 8 shows how the deformation per unit stress (compliance modulus, J ) evolves with time after application of a 0.2-Pa shear stress for different particle concentrations at pH 5 and 10 −2 M ionic strength. At t = 120 s, the stress is removed, and the deformation γ is plotted (the recovery process). The lines drawn in Fig. 8 correspond to fitting the data to a Kelvin- Voigt   FIG. 6 . Elastic modulus of suspensions as a function of frequency, for different particle concentrations. pH 5 and 10 −2 M NaCl. 
Transient Measurements (Creep Recovery)
whereas the recovery strain (t > T = 120 s) is given by
The fittings presented in Fig. 8 correspond to the case N = 1, and from them we could obtain J 0 , the t → 0 compliance modulus, also called the instantaneous elastic compliance (30) . The scaling of 1/J 0 with concentration is demonstrated by the linear plots of Figs. 9a and 9b, with the corresponding n values in Table 1 . Also for this quantity, an evolution from strong flocculation to moderate stability is deduced when the pH changes from 3 to 9. As before, the maximum stability (maximum n value) is found for a 10 −3 M NaCl concentration in the medium.
Correlation with the Potential Energy of Interaction between the Particles
The details of the calculation of the potential energy of interaction between the different surfaces (edges, E, and faces, F) of clay particles are given in Ref. (9), and hence only a short summary is given here. The so-called extended-DLVO theory is used (27) . According to this, the total energy of interaction between surfaces i and j in solution (V TOT iwj ) consists of three contributions,
where i and j may be identical (F-F, i = j = 1; and E-E,
. In Eq. [7] , V EL iwj is the electrostatic double layer interaction, V separation, of the three contributions are (31) [8] where ζ i (i = 1, 2) are the zeta potentials of the interfaces involved, κ is the reciprocal double-layer thickness, and the other symbols have their usual meaning (31) . The van der Waals interaction can be calculated as (32)
where A iwj is the Hamaker constant. Finally, the acid-base component, which is a measure of the hydrophilic repulsion between the particles, can be found in Ref. (27) ,
with H 0 = 0.158 nm and λ = 1 nm. The preexponential factor is related to the electron-donor and electron-acceptor components of the surface free energy of the phases involved. Tables 2 and 3 include the values of all the quantities needed to calculate V TOT iwj . Figure 10 is an example of the total potential energy calculations as a function of the distance between the surfaces, for edge-toface interactions in 10 −2 M NaCl and different pH values. For the sake of comparison between the different experimental conditions and surfaces involved, we will characterize the interaction by the minimum of the total potential energy, V min iwj , as shown in Table 4 . Note, however, that in the case 10 −3 M NaCl the faceto-face interaction is repulsive at all distances, so the value of V TOT 1w1 corresponding to H = 10 nm will be used to characterize that interaction.
As observed in Table 4 , at constant ionic strength (10 −2 M), face-to-face interactions are essentially pH-independent, and edge-to-edge attractions are strongest around pH 7 (the isoelectric point of the edges). The most significant variations occur in face-to-edge attractive forces: at basic pH they are comparable to E-E and F-F forces, but at pH below 7 they are dominant. Concerning the increase in NaCl concentration, Table 4 shows that it has effect only through screening of the surface charge of any of the interfaces involved: the strong attraction between oppositely charged edges and faces, the repulsion between equally charged faces, or the slight attraction between edges that are observed at low ionic strength tend to be reduced to van der Waals attractions as the NaCl concentration is raised. Figure 11 shows the correlations between the scaling exponent, n (average of the exponents obtained by means of the different rheological experiments), and the minimum values of the E-F, E-E, and F-F potential energies for the pH values considered. This plot demonstrates that no correlation exists between n and the edge-to-edge interaction: the gel structure will hence be controlled by F-F and, mainly, by E-F forces. Thus, the maximum n values (most stable systems) correspond well to the lowest values of the attractive F-F and E-F energies: this situation corresponds to pH 9 in Tables 1 and 4 . Table 1 , plotted as a function of the minimum values of the edge-to-face (E-F), edge-to-edge (E-E), and face-to-face (F-F) potential energy of interaction between NaMt particles. The data points correspond to different pH values and a constant ionic strength 10 −2 M (Table 4) .
Considering now the effect of ionic strength, we see that the data in Table 4 explain that our NaMt suspensions are most stable (maximum n in Table 1 ) at 10 −3 M NaCl: the strong repulsion between faces, together with strong edge-to-face attraction, will favor the formation of the house-of-cards structure: increasing the number of particles in suspension (i.e., increasing C) will give rise to a more and more extended three-dimensional network: this explains the high n values. Upon increasing the concentration of NaCl (10 −2 M in Tables 1 and 4) , the face-to-face attraction is no longer forbidden, and particles in the suspension will contribute not only to extending the particle network, but also to thickening the walls of the structure. This has a smaller effect on the rheology of the system, and n decreases, as observed. Finally, for the highest concentration (10 −1 M), two competing effects are present: the stronger E-E attraction should favor the gel formation, whereas the decreased E-F and increased F-F attractions would work in the opposite direction. The intermediate n values observed (Table 1) at 10 −1 M NaCl give an idea of the net result of these two opposed effects on the overall stability of the suspensions.
CONCLUSIONS
We have found that scaling laws can be established between several rheological quantities (either steady, oscillatory, or transient) and the concentration of particles in sodium montmorillonite suspensions. The fact that the exponent n of the different potential laws obtained is related to the degree of flocculation of the suspensions is semiquantitatively explained in terms of the potential energy of interaction between the particles. Thus, when the pH is changed from 3 to 9, the rise in n is well correlated with the value of the minimum potential energy of edge-to-face and face-to-face interactions between the particles. When the ionic strength of the suspensions is 10 −2 M, the degree of flocculation is maximum. For lower or higher NaCl concentrations, the balance between all the interactions involved favors more stable (less flocculated) systems.
